The surface inactivation of two wood species, yellow poplar (Liriodendron tulipifera) and southern pine (Pinus taeda), was studied following high temperature drying. Surface analysis involved X-ray photoelectron spectroscopy, sessile drop wettability and fracture mechanics of the adhesively-jointed surfaces. The results showed that wood drying at high temperature (i.e., )160 to 180 8C) caused modifications in surface composition. The oxygen to carbon ratio (O/C) decreased and the ratio of carbon atoms bonded to other carbon or to hydrogen atoms vis-a-vis carbons bonded to oxygen atoms (i.e., the C1/ C2 ratio) increased with drying temperature. In addition, the contact angle increased with the temperature of exposure, but decreased with time. A dependence on wood species was evident: southern pine surfaces always exhibited higher contact angles than yellow poplar. Also, the rate of contact angle decline with time, du/ dt, was found to vary with surface composition: this rate corresponded to O/C ratio-changes, especially in the case of southern pine. Southern pine was most susceptible to inactivation particularly when bonded with PF adhesive. Yellow poplar surfaces did not show significant inactivation when exposed to drying temperatures below ca. 180 8C. The results are explained by a relative enrichment of wood surfaces with non-polar substances, hydrophobic extractives and volatile organic compounds that 'become visually evident during the drying process at temperatures above ca. 160 8C. Little change was observed if drying temperatures remained below 150 8C.
Introduction
A wood surface which is exposed to high temperature can experience surface inactivation. An inactivated wood 1) Dedicated to Prof. Horst Nimz at his retirement as Editor-inchief of Holzforschung (1993 Holzforschung ( -2003 .
substrate bonds weakly with adhesives, because the inactivation process reduces the ability of an adhesive to properly wet, flow, penetrate and cure (USDA 1999) . The inactivated wood surface prevents the establishment of intimate contact between molecules of wood and adhesive, thus, an adhesive bond fails at low stress and often without any wood failure. Several physical and chemical mechanisms can be involved in the inactivation process (Christiansen 1991) . The severity of inactivation depends on wood species, wood moisture content (MC), temperature level and time of temperature exposure. During the drying process, significant reduction in bonding ability (inactivation) occurs at the end of drying, when the evaporative cooling effect decreases and the wood surface temperature approaches that of the air in the dryer (Suchsland and Stevens 1968) .
Susceptibility to surface inactivation is prevalent in the drying of softwood species. For the most sensitive American coniferous species (southern pine, ponderosa pine, white pine, Douglas-fir and larch), severe surface inactivation occurs at drying temperatures greater than 160 8C (Christiansen 1990) . Wood surfaces often experience this level of temperature during the drying of veneers, wood flakes and wood particles for the wood-based composites industry, where high inlet drying temperatures of up to 400 8C are necessary for efficient and economical drying.
A satisfactory remedy for thermal inactivation in the wood-based composites industry is still under investigation. There are two basic ways to avoid inactivationbefore or after exposure to high temperature. For instance, adhesion between inactivated wood surfaces may be improved by surface treatment or surface removal (Chow 1975; Christiansen 1990 ). However, these modifications of wood prior to bonding are not desirable because of increased cost and special equipment or production requirements. Therefore, preventive measures are superior to post-treatment of the inactivated surface. A first step towards prevention is to identify the mechanism of inactivation. The origin of wood surface inactivation might be identified by characterizing the chemical changes taking place at the surface. This can be accomplished by X-ray photoelectron spectroscopy (XPS) which has been successfully applied to analysis of the chemical composition of wood surfaces (Boras andG atenholm 1999) . Besides chemical changes, inactivated wood surfaces also exhibit differences in surface energetics (i.e., surface free energy), which can be crucial for adhesion. Since surface energetics change with the intensity of exposure to heat (Podgorski et al. 2000) , the severity of the inactivation might be quantified by contact angle measurements. However, mechanical testing is the most relevant indication of the adhesive bond performance, and therefore, it can serve as a reliable indicator of the degree of wood surface inactivation. The double cantilever beam (DCB)-test method is suitable for evaluating adhesive bond performance, which is influenced by the adherend's surface condition or adhesive-adherend interactions (ASTM 1997) .
The objectives of the study were to identify a temperature exposure level that causes wood surface inactivation; to detect changes in the wood surface chemistry, in wettability and in adhesion due to high temperature exposure; and to determine the mechanism and origin of surface inactivation of one commercial hardwood and one softwood species.
Materials and methods

Solid wood samples
Heartwood of yellow poplar (YP) and southern pine (SP), with green moisture content, were cut into tangential lamellas and planed to a thickness of 10 mm. Defect-free lamellas were sorted into five drying groups (Table 1) . Samples from both wood species were dried together in a convection oven to achieve 2% MC. The surface temperature of one lamella was monitored with a thermocouple. After drying, the samples were cooled to room temperature and stored in plastic bags to ensure a clean surface. Each lamella was then cut into individual specimens for different study purposes as shown in Figure 1 .
Wood constituents
Besides heat-treated solid wood samples, the surface chemistry of five wood constituents was also examined ( Table 2 ). The cellulose film model (CELL) was supplied from a parallel study (Glasser et al. 2003) . It was prepared by Langmuir Blodgett (LB)-technique according to Loscher et al. (1998) . The LB-techniquë produces a uniform thin film from several monomolecular cellulose layers of trimethylsilyl (TMS) cellulose. In brief, TMS cellulose was dissolved in chloroform and the solution was deposited onto the water surface of an LB-trough. The surface pressure of the cellulose molecules on the water surface was recorded for detecting a point when the film achieved a condensed liquid state. The dipping of a glass slide through the monolayer/air interface produced a one-layer thick cellulose derivative film. This procedure was repeated to achieve 6 or more layers stacked on top of each other. The cellulose film was then desilylated by exposure to HCl-vapor. A lignin sample was produced by steam explosion and alkali extraction (Glasser and Wright 1998) . Lignin powder from yellow poplar (Angiolin, logR o 4.1), was pressed into pellets and then cut by a razor blade into a small cube (6=6=6 mm) prior to XPS analysis. Yellow poplar extractives (EXT-YP) and southern pine extractives (EXT-SP) were prepared separately by batch-wise extraction with acetone:water (9:1, by volume) for 24 h. Most of the solvent (95%) was removed by evaporation. The solvent extract was filtered and placed on a glass slide. Evaporating the excess solvent formed a thin film of extractives, which was dried at 50 8C for 20 min in a convection oven for complete solvent removal. A small amount of southern pine pitch resin was also collected and placed on a glass slide. The resin was softened by exposure to approximately 150 8C for 1 h. This formed a thin and consolidated film of resin on the glass slide.
X-Ray photoelectron spectroscopy
A Perkin-Elmer 5400 X-ray photoelectron spectrometer (Blacksburg, VA) was employed to provide elemental and chemical data of the wood surface composition. X-rays were irradiated from Mg Ka (1253.6 eV) with an incident angle of 458. A wood surface area of approximately 3 mm 2 was analyzed, and the surface depth was -50 A.
Contact angle measurement
The sessile drop method was used to measure the contact angle (u) of a 5 ml water drop applied to the wood surface by means of a digital pipette. The contact angle is the angle formed between the surface of a solid and the line tangent to the droplet radius from the point of contact with the solid (Adamson 1990 ). The image of the liquid drop was captured by a video camera and transferred to a computer screen, where the contact angle was measured by digital image analysis software. The image was captured immediately after the water drop was applied (0 s), and then every 10 s for a duration of 1 min.
Fracture test
A fracture test in opening Mode I was employed to obtain the critical strain energy release rate (G C ), which is a measure of the energy required to fracture the adhesive bond and to create a new surface (Schmidt 1998) . The test specimens were prepared according to the procedure by Gagliano and Frazier (2001) . Phenol-formaldehyde (PF) adhesive and polyvinyl-acetate (PVA) adhesive were used to bond together two wood surfaces. In total, 120 fracture specimens were prepared (2 wood species, 2 adhesives, 5 drying temperatures and 6 replications). Adhesives were applied to one surface with a roller using a spreading level of 200 g m y2 . The PF bonded specimens were cured in a laboratory press at 200 8C and 2 N mm y2 for 15 min. The PVA bonded specimens were pressed with 2 N mm y2 at 20 8C for 1 h. The specimens were conditioned for 2 weeks at 20"2 8C and at a relative humidity of 65"3% prior to testing. The fracture testing was performed using a screw-driven universal testing machine (MTS) in a displacement control mode. Two improvements (Hashemi et al. 1990; Gagliano and Frazier 2001) were adopted for specimen preparation and for data analysis: a flat double cantilever beam specimen and a shear corrected compliance method.
Results and discussion
Description of the drying experiment
The high-temperature drying experiments were carried out in a standard closed drying chamber with temperature control. A glass window in the door provided for visual monitoring of the chamber. Thermocouples, which were embedded in specimens below their surfaces, allowed for an independent comparison of drying temperatures achieved with temperature set points. It is recognized that these conditions fail to accurately mimic industrial high-temperature drying protocols, which usually employ short-term exposures to high temperatures in well-ventilated environments, but they help accentuate conditions that can be expected to produce surface inactivation.
A typical time-temperature profile of a drying experiment is shown in Figure 2 . The temperature of the wood surface increased in general with the set point temperature of the drying chamber, with target moisture contents being reached after between 100 min and 18 h. For the three highest-temperature experiments, for which actual surface temperatures of 156, 172 and 187 8C were recorded, the formation of a smoke-like haze was detected inside the drying chamber that indicated the formation of air-borne substances that are related to volatile organic compounds (VOCs) (Figure 2 ). No comparable thermal response was noticed at lower drying temperatures. In contrast to industrial conditions, the air-borne substances remained contained inside the drying chamber for the duration of the experiment as there was no provision for positive ventilation. Most of the changes in surface composition observed with the dried samples and described in the following sections concerned samples that had been exposed to emissions of smoky haze at T)150 8C for different periods of time. This is why the influence of mobile extractives and substances related to VOCs on surface character cannot be distinguished in the present study.
Chemical composition of wood surfaces and wood constituents
The surfaces were investigated for the elemental presence of carbon (C1s), oxygen (O1s), and nitrogen (N1s). Wood surfaces also contain hydrogen (H), but this element cannot be detected by the XPS technique. The atomic percent of the elements, which indicates the relative concentration of an element, was evaluated from the deconvoluted spectra. The oxygen to carbon ratio (O/ C ratio) and the C1/C2 ratio were also calculated (Table  3 ). Figure 3 shows that there were three types of carbon atoms detected at the surfaces. The C1 carbon component is related to carbon-carbon or carbon-hydrogen bonds, the C2 carbon component represents single carbon-oxygen bonds, and the C3 carbon component reflects carbonyl groups (mostly of lignin) and the carbon atoms bonded to two oxygen atoms of polysaccharides (Young et al. 1982) .
The drying temperature affected the chemical composition of wood surfaces (Table 3) . For YP, the O/C ratio stayed virtually constant up to a drying temperature of 156 8C before it decreased at 187 8C. Statistical analysis showed a significant difference (95% confidence level) between this O/C ratio and those obtained at 51, 104, Figure 3 Curve fits of carbon C1s peak of southern pine surface exposed to 200 8C.
and 156 8C. The influence of drying temperature on the O/C ratio of SP was more pronounced, with a significant drop above 156 8C. In general, YP exhibited a higher O/ C ratio than SP. The average C1/C2 ratio of YP stayed constant up to the drying temperature of 156 8C, and then started to increase with temperature. A significant rise was obtained only at a drying temperature of 187 8C. Samples of SP did not exhibit significant differences in the C1/C2 ratios regarding different temperature exposures, but a modest trend of increasing C1/C2 ratio with drying temperature was observed. A comparison of the average C1/ C2 ratios between YP and SP showed that all the C1/C2 ratios of YP were significantly lower than the corresponding ratios for SP.
When the individual wood constituents were analyzed, XPS revealed that the cellulose film had the highest value of O/C ratio, followed by lignin, YP extractives and SP extractives. These results were expected, since the theoretical value of the O/C ratio for cellulose is highest (0.83); while lignin and extractives have much lower O/C ratios (0.33 and 0.10, respectively) (Barry et al. 1990 ). The C1/ C2 ratios of the wood constituents were in agreement with previous studies and theoretical expectation. The assignment for the components of the C1s peak for lignocellulosic materials was reached and confirmed in several studies (Doris and Gray 1978; Ahmed et al. 1987; Kamdem et al. 1991; Hua et al. 1993; Koubaa et al. 1996; Liu and Rials 1998) . The C1 component arises from extractives and lignin, while the C2 component can arise from all wood constituents, but predominantly from cellulose. Except for cellulose, the C3 component is low in wood. The calculated C1/C2 ratio for pure cellulose is 0; for lignin it is close to 1; and for extractives can be 10 or higher. These findings can be used to roughly describe wood surface composition: the lower the O/C ratio or the higher the C1/C2 ratio, the higher is the relative concentration of extractives on a wood surface (Boras andG atenholm 1999) . According to the XPS-results, the concentration of non-polar wood components on the wood surface was found to increase with drying temperature, and it was highest at 187 8C. This resulted in a reduced O/C ratio and an elevated C1/C2 ratio compared to the control (i.e., Figure 4 Relationship between O/C ratio and rate of contact angle change for southern pine.
YP50 or SP50). This is attributed to the fact that increased temperature accelerates water movement: (a) water-soluble extractives may be transported to the wood surface along with water during the drying operation; (b) water-insoluble extractives are pictured as migrating to the wood surface via vapor phase transport during high drying temperatures (Hse and Kuo 1988) ; and (c) VOCs (hydrocarbonaceous particles) are deposited on the wood surface by condensation, as the latter is cooler than the surrounding air. The migration of extractives to, and the deposition of VOC-like substances on the wood surface are suspected to be the dominant mechanisms that explain the changes in the wood surface chemistry in regard to exposure temperature. This explanation considers that the O/C ratio of southern pine drops significantly at temperatures above 156 8C and that lower temperatures have little effect. This is the temperature range where excessive emissions of VOCs start to occur (Banerjee et al. 1998) . During the samples' drying in this study, an appearance of smoky haze was recognized when the surface temperature rose above 150 8C. This indicated that significant chemical changes occurred. Thus, emission of VOC-like substances, their degradation and some possible deposition on the wood surface, might have a major impact on surface inactivation. The effect of extractive migration cannot be distinguished from VOC-like substances deposition in this study.
Influence of drying temperature on wood wettability
For both wood species, the contact angle of the water drop decreased with time and increased with drying temperature (Table 4) . This relationship was expected, since high temperatures promote the exudation of extractives (Martino et al. 2002 ) and a more hydrophobic wood surface (Vick 1999) . Hydrocarbon-rich wood extractives and VOCs are hydrophobic, thus a surface that is enriched with extractives and VOCs repels water. Consequently, the hydrophobic surface exhibits a high contact angle and a low wettability.
The surface of SP was more hydrophobic than that of YP since the contact angle was significantly higher for the SP sample compared with the YP sample. This was expected because SP contains a higher amount (3.5-5.4 vs. 2.4-3.8%), and a more hydrophobic type (terpenoid vs. alkaloid) of extractives than YP, respectively (Hillis 1962; White 1987; Rowe 1989) . SP extractives comprise a higher proportion of wood resins, including non-polar terpenes, (Stanley 1969; Fengel and Wegener 1989) than YP, which has extractives that are more polar. Additionally, yellow poplar generates a smaller amount of VOCs than southern pine. The VOC emission of SP is by an order of magnitude higher than that of hardwoods (Banerjee 2001) . Moreover, SP contains more lignin than YP, 27% and 20%, respectively (Pettersen 1984) , which could also contribute to lower wettability of SP surfaces.
Figure 5
Influence of drying temperature on maximum strain energy release rate (G max ) of adhesive bond.
--ࡗ--Yellow poplar bonded with PF adhesive, --=--yellow poplar bonded with PVA adhesive, --n--southern pine bonded with PF adhesive, and --q--southern pine bonded with PVA adhesive.
Figure 6
Relationship between initial wettability and O/C ratio of yellow poplar and southern pine.
For both wood species, the biggest changes in the contact angle with time (i.e., rate of contact angle change, du/dt), were observed at lower drying temperatures, and the smallest changes in the contact angle resulted from drying at higher temperatures (Table 4) . A significant relationship between du/dt and O/C ratio was observed for SP (Figure 4) , and this was less significant but quite apparent for YP. Because the wood surfaces dried at high temperature also exhibited the lowest adhesive bond performance (G max ) (as shown in the next section), the rate of contact angle change (du/dt) can be used as an indicator for bond strength (Figure 10 ).
Influence of drying temperature on adhesive bond performance
The maximum strain energy release rate (G max ), which refers to the maximum energy needed to start crack initiation, was obtained from the fracture test. Significant differences in G max among different exposure temperatures were obtained only for SP. Figure 5 shows that YP surfaces were much better substrates for bonding. These samples exhibited higher G max than SP specimens regardless of the drying temperature or adhesive used.
In terms of G max , YP was not susceptible to inactivation at any drying temperature below 187 8C, while SP exhibited severe surface inactivation. When PF adhesive was used, G max dropped significantly for SP samples that were exposed to 156 8C or higher. When PVA adhesive was used, G max was almost constant for exposure temperatures below 172 8C, and it dropped significantly at 187 8C. Differences in flow characteristics, surface energy, cure kinetics, polymer composition or structure and pH-level may offer an explanation for variation of G max between PF and PVA adhesives. Moreover, it can be speculated that the cure of PF adhesives was retarded by the increased acidity of the SP surfaces. This possibility has been reported in other studies (Hse and Kuo 1988; Subramanian 1984) . Many SP extractives and VOC-like substances including resinous, waxy, fatty, and pitchy compounds are acidic and therefore, when extractives concentrate at the wood surface, the pH value of the uncured PF resin declines. A low pH inhibits the polymerization of alkaline-type PF adhesives (Pizzi 1983) .
Relationships among wood surface chemistry, wettability and adhesion
An initial wettability index (i.e., cosu i ) was plotted against the O/C ratio (Figure 6 ), and also against the C1/C2 ratio ( Figure 7 ) to find a possible relationship between the wetting capacity of the wood surface and its chemical com- position. The cosine function was selected because of the relationship among interfacial surface tension of vapor, liquid, and solid phases (Zisman 1964) . In fact, cosu is often used as a direct measure of surface wettability (Kajita and Skaar 1992) . A strong linear relationship was found between wettability and surface chemistry. Wettability of the wood surface increased with the O/C ratio and it decreased with the C1/C2 ratio. When the cosine of the initial contact angle, cosu i , was plotted against the O/C and the C1/C2 ratio, a linear statistical model explained most of the variability y87 and 90%, respectively.
Wettability is crucial for good adhesion in wood bonding. The adhesive has to wet, flow and penetrate the cellular structure of wood in order to establish intimate contact between molecules of the adhesive and cell wall components of wood (Vick 1999 (Figure 8 ), and 90% for PFbonded samples (Figure 9 ). In general, the adhesive bond performance increased with increasing wettability for both adhesives and regardless of wood species. Furthermore, when the G max of the PF-adhesive bonds was plotted against du/dt (i.e., the rate of contact angle change), a strong linear relationship was obtained for SP samples; it was less pronounced for YP (Figure 10 ). This was an unexpected experimental observation that resulted from the analysis of the data, but it is consistent with our general understanding of the surface inactivation process. This result suggests that du/dt can be used as an indication for how strong two wood surfaces will adhere to one another -the higher the rate of contact angle change the higher the potential adhesion. This aspect will be the subject of additional forthcoming research.
The adhesive bond performance (G max ) increased with the O/C ratio and decreased with the C1/C2 ratio. When G max was plotted against the O/C ratio, a linear statistical relationship explained 80% of the variability for PF-bonded samples, and 69% for PVA-bonded samples (Figure  11 ). When G max was plotted against the C1/C2 ratio, a linear statistical model explained 81% of the variability for PF-bonded samples, and 78% for PVA-bonded samples (Figure 12 ).
Conclusions
The comparative analysis of inactivated wood surfaces revealed clear relationships between wood surface chemistry, wettability, and adhesive bond performance. The O/C ratio decreased, and the C1/C2 ratio increased when the drying temperature reached 187 8C. Both yellow poplar and southern pine surfaces indicated the presence of higher amounts of non-polar components for samples exposed to temperatures between ca. 160 and 180 8C. This rise in hydrophobicity was attributed to both extractives migration and deposition of VOC-like substances. Above 150 8C, these substances were visually apparent in the drying chamber. The VOCs of southern pine (and in general) are composed of hydrocarbons that Figure 12 Relationship between adhesion and C1/C2 ratio of yellow poplar and southern pine bonded with x PF adhesive (R 2 s0.81) and m PVA adhesive (R 2 s0.78).
are non-polar and hydrophobic. Since the hydrophobic wood surface repelled water, wettability of this surface was low (i.e., high contact angle). The highest contact angle was obtained on the surfaces which were exposed to 187 8C. The contact angle increased with drying temperature and decreased with time. Wood species affected wettability -southern pine exhibited higher contact angles than yellow poplar at all drying temperatures. The rate of contact angle decline with time, du/dt, was found to be significantly correlated with surface composition and with bond strength. It may be useful for detecting wood surface inactivation. Inactivation, as indicated by a high contact angle, occurs at a lower surface temperature during the drying of southern pine than that of yellow poplar. Adhesive bond performance, as determined by fracture mechanics testing, improved when the contact angle decreased. Bond performance of the PVA adhesive was less affected by the drying temperature than that of the PF adhesive. In terms of adhesion, the southern pine surface was inactive towards the PF adhesive when dried at 156 8C or higher, and towards the PVA adhesive when dried at 187 8C. Yellow poplar-surfaces did not show a significant change in G max of PVA or PF adhesive bonds in regard to the exposure temperatures. The inactivation of the wood surfaces was attributed to extractive migration and VOC-like substance deposition.
